Abstract Atherosclerosis is a chronic inflammatory disease characterized by T lymphocyte infiltration into the atherosclerotic plaque. Assessments of T cell subtypes have demonstrated a predominance of CD4 + T helper (Th) cells, implicated Th1 and Th17 immunity in both human and mouse atherogenesis, and provided some evidence suggesting protective roles of Th2 and T regulatory cells. Observations that certain inbred mouse strains have an inherent T helper bias suggest a genetic predisposition toward developing a particular T helper phenotype. This review summarizes our current understanding of mechanisms of antigen processing for major histocompatibility complex molecules, describes the different T helper cell subsets and their roles in atherosclerosis, and discusses mechanisms of genetic predisposition toward Th1/Th2 bias in mice. We also present data from our laboratory demonstrating inherent Th1/Th2 phenotypes in apparently healthy human volunteers that are stable over time and discuss the potential implications for cardiovascular disease.
Introduction
T helper (Th) cell polarization arises from programmed differentiation following T cell receptor (TCR) engagement by peptide antigen-major histocompatibility (MHC) complex. In response to antigen-MHC stimulation, naive, antigeninexperienced T helper cells (Th0) can differentiate into several functional subclasses, including Th1, Th2, Th17, regulatory T cells (Treg), and follicular T helper cells (Tfh), which are characterized by the expression of distinct transcription factors and the secretion of unique cytokinesignature profiles. The function and regulation of these respective Th subsets are critical to both normal physiological host responses and pathophysiological responses such as occurring in asthma, autoimmune diseases, and atherosclerosis. Despite this, little is known about the distribution of Th cell polarization in healthy people. In this report we first provide a detailed review of the innate and adaptive immune responses, emphasizing their connection to atherosclerosis. We then describe Th cell polarization in healthy adults, identifying for the first time that this is a consistent variable suitable for clinical and epidemiological research, and discuss implications for cardiovascular disease (CVD).
Detailed Review of Innate and Adaptive Immunity with an Emphasis on Atherosclerosis

Inflammation in Atherosclerosis: Innate and Adaptive Immune Activation
Atherosclerosis is a chronic inflammatory disease characterized by accumulations of lipid-laden macrophage (foam cells) in the walls of large-and medium-sized arteries. There are distinct populations of monocytes/macrophage and they play different and dynamic roles in atherogenesis. In the mouse, a common monocyte-dendritic cell precursor (MDP) in the bone marrow [1] will ultimately give rise to all monocytes, macrophage, and dendritic cells. The healthy arterial wall contains large numbers of resident macrophage and dendritic cells especially at sites which are disposed to develop atherosclerotic plaques [2] . There are at least two major subpopulations of monocytes based on surface expression of granulocyte receptor-1 antigen (Gr1) and lymphocyte antigen 6 complex locus C (Ly6C) antigens. Gr1 + Ly6C high cells are usually associated with proinflammatory responses and produce tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6), IL-12, and inducible nitric oxide synthase (iNOS; NOS2), while Gr1
−
Ly6C
low cells may be involved with wound healing, tissue repair, and phagocytosis [3] [4] [5] . While both LyC6 high and LyC6 low cells may accumulate lipid and become foam cells, based on cytokine expression patterns and expression of MHC class II and CD80/CD86 accessory molecules, the pro-inflammatory Gr1 + Ly6C high monocyte/dendritic cells are considered to have the major impact on adaptive immunity. In the shoulder region of the atherosclerotic plaque, there are infiltrations of T lymphocytes including both CD4 + and CD8 + cells with a predominance of CD4 + cells in both human and mouse atheromas [6] [7] [8] . Evaluations of the TCR repertoire of the infiltrating cells in mouse lesions suggest oligoclonal activation indicative of expansion of a limited number of antigen-specific T cell clones [9] . Consistent with this, T cells in human plaques express the CD45RO effector/memory activation marker indicative of previous stimulation [10] . Various lines of evidence implicate adaptive immunity in atherogenesis, especially in mouse models. Severe combined immunodeficient (SCID) mice develop accelerated atherosclerosis when reconstituted with CD4 + T cells [11] . Similarly, mice deficient in CD4 + cells develop significantly less atherosclerosis than immunocompetent animals [12] .
Major Histocompatibility Complex Antigen Processing
Beyond simply implicating T cells in atherogenesis, the phenotype of the T cell response is also crucial. Classically, naive T cells (Th0, CD45RA + ) begin as non-polarized cells which express limited amounts of IL-2 but little or no interferon gamma (IFN-γ) or IL-4. Immature dendritic cells in the peripheral tissues are highly phagocytic but have reduced antigen-presenting capabilities. However, when the dendritic cells phagocytize an antigen, they leave the peripheral tissues for draining lymph node or the spleen and mature into highly effective antigen presenting cells with increased MHC antigen on their cell surface and accessory molecule (CD80/CD86) expression, but with severely reduced phagocytic activity. The reduction in phagocytic activity restricts the ability to take up, process, or present new antigens.
T helper cells are generally classified as T cells that are CD4 + , and these cells primarily recognize antigens presented by MHC class II molecules. This is in contrast to cytotoxic CD8 + T cells which usually react to antigen presented by MHC class I molecules. Both the structure and antigen processing for MHC class I and class II molecules differ. Class I molecules consist of a single polypeptide chain coded for by the HLA-A, HLA-B or HLA-C genes in humans, or the H-2 K, H-2 L or H-2D genes in mice, in association with an invariant β2 microglobulin (β2M) chain. Endogenously synthesized proteins are digested in proteasomes to peptides which are transported to the endoplasmic reticulum (ER) using the transporter associated with antigen presentation (TAP) pathway. Inside the ER, MHC class I molecules, as they are synthesized, fold around the peptide so that the formed MHC-peptide-β2M complex is transported to the cell surface for presentation to CD8 + T cells. In contrast, MHC class II molecules consist of α and β chains, both of which are coded by MHC genes in HLA-DR, HLA-DQ, HLA-DP in humans, and H-2IA and H-2 IE in mice.
Class II molecules are synthesized in the ER, but the groove region is filled with an invariant chain known as class II-associated invariant chain peptide (CLIP). The class II molecule moves from the ER through the golgi into the endosome pathway. Antigens entering through phagocytosis, whether they are, e.g., microbial products or oxidized low-density lipoproteins (oxLDL), will enter phagosomes which will fuse with the endosomes. The very low pH of the phagosome causes degradation of the CLIP which opens the groove of the MHC class II molecule and allows binding of peptides in the phagosome to the groove of the MHC molecule. The MHC-peptide finishes its journey to the cell surface for presentation to the CD4 + T cells. There are exceptions, and cross-presentation does occur, but in general, CD4
+ T cells respond to exogenous or phagocytized antigen while CD8 + T cells respond to endogenous antigen or proteins synthesized within the antigen presenting cell. The reason for this dichotomy is probably that CD8 + T cells are usually highly cytolytic and often the major effector eliminating viral or intracellular pathogens through killing of the infected cell. If an infected host cell, such as an epithelial or endothelial cell, can present virus antigens quickly on its own MHC class I molecules, a virus-specific CD8 + T cell would be able to kill the infected cell before substantial amounts of progeny virus were made, thus aborting the infection. As each infected cell could produce over a million new virus particles if the replication cycle were allowed to progress to completion, rapid death of one infected cell would still be of benefit to the organism as a whole. In human atherosclerotic lesions, MHC class II molecules have been specifically implicated [13] , with one study reporting that 10 % of all T cells in atheromas recognize oxLDL presented by MHC class II molecules [14] .
CD4 + T Helper Cell Subsets
Once in the lymphoid tissue, the dendritic cells migrate to the T cell-rich areas where they interact with T cell clones expressing the correct TCR and accessory molecule (CD4 for MHC class II or CD8 for MHC class I) for the peptide-MHC of the dendritic cell. At this point various factors determine whether the naive T cells will differentiate into an activated effector cell with a specific Th phenotype [15, 16] . The most notable of the controlling factors is the cytokine milieu in which the activation phase occurs. T cells are frequently characterized as having a specific T helper phenotype based on the cytokines they produce and cell surface molecules and transcription factors they express. The initial paradigm was the discovery of Th1 and Th2 cells by Mosmann and Coffman [17] and has been confirmed by many investigators in multiple species including humans [15] . Since this initial report, many other apparent subtypes of T helper cells have been identified. Brief descriptions of several of the more extensively investigated subtypes are discussed here; their roles in atherosclerosis are introduced here and are discussed in further detail subsequently:
a. Th1 cells. Classically, Th1 cells are defined by expression of IFN-γ and also produced lymphotoxin, IL-2, and TNF-α. These cells are pro-inflammatory and mediate cellular immunity through activation of pro-inflammatory macrophage, activation of cytolytic CD8 + T cells, and protection from intracellular viral and bacterial infections. They also produce macrophage inflammatory protein-1 alpha (MIP-1α), MIP-1β, and T cell activation-3 (TCA-3) which are chemokines for macrophage. One potential Th1 activation pathway involves signal transducer and activator of transcription 1 (STAT1). IFN-γ binds to the IFN-γ receptor to phosphorylate STAT1, and this can directly activate T-bet, the transcription factor closely associated with the Th1 phenotype. While this pathway may have some impact on IFN-γ production, its overall role in this cytokine response is controversial. Serum levels of IFN-γ and CD4 + cell expression of IFN-γ are similar in Toxoplasma gondiiinfected STAT1−/− and wild-type mice despite somewhat decreased levels of T-bet expression in the STAT1 −/− animals [18] . This suggests that STAT1 is not the only transcription factor controlling T-bet activation. The more important role is of IL-12, a cytokine produced by pro-inflammatory macrophage. STAT4 is primarily activated by IL-12 and might also be activated by type 1 interferons and IFN-γ. Activated STAT4 stimulates Tbet activation and transcription of IFN-γ and IL-12 receptor beta 2 subunit (IL-12Rβ2) which increases cellular responsiveness to IL-12 making a positive feedback loop to stabilize the Th1 phenotype. Recently, Schultz and colleagues suggested a sequential mechanism for Th1 polarization and maintenance where IFN-γ induces initial T-bet expression and starts polarizing naive T cells into a Th1 lineage. IL-12 signaling and Tbet will then upregulate IL-12Rβ2 and maintain T-bet expression resulting in imprinting of Th1 cells to ensure IFN-γ re-expression [19] . Th1 cells predominate among the T cell populations in both human and mouse atherosclerotic plaques, and numerous studies investigating both human samples and mouse models have implicated Th1 immunity in atherosclerosis. [15, 20, 21] . Th17 cells and the IL-17A that they produce are usually considered highly pro-inflammatory, as this cytokine induces expression of TNF-α, IL-1β, and monocyte chemoattractant protein-1 (MCP-1) and upregulates the expression of intercellular adhesion molecule-1 (ICAM-1) [22, 23] . Th17 cells have both protective and pathogenic roles in immunity. These effectors are protective against specific pathogens including Candida albicans and Staphylococcus aureus. However, in a number of autoimmune disease models which had been associated with Th1 cell pathogenesis, including experimental autoimmune encephalomyelitis, rheumatoid arthritis, psoriasis, inflammatory bowel disease, allergic reactions, and diabetes, it is now believed that Th17 cells play a major role in tissue damage and inflammation [24] . Th17 cells are present in both human and mouse atherosclerotic plaques, and various lines of evidence provide support for a pathologic role for this subpopulation. + Treg-like cells that are able to suppress T cell proliferation in vitro and inhibit autoimmune disease in vivo [26, 28] . Although expression of FoxP3 is essential for suppressive activity in Treg cells, IL-2 is probably important in Treg cell maintenance and survival since mice which lack either CD25 (IL-2rα) or IL-2 have decreased numbers of Treg cells and develop lymphoproliferative and autoimmune diseases [29] . In addition to nTreg cells, iTreg cells can be converted from effector T cell populations in the periphery subsequent to antigen challenge. These iTreg cells are CD4 + CD25 + but may be either positive or negative for FoxP3 [30] . Both nTreg and iTreg cells can secrete either IL-10 (Tr1) or TGFβ (Th3) cytokines [30] . Treg cells express similar chemokine receptor patterns as effector T cells and can migrate to peripheral lymphoid tissues and inflammatory sites similarly to the effector population [26] . There are three general hypothesized mechanisms for Treg cell suppression of immunity [26] : First, Treg cells may bind to and out-compete effector T cells for MHC-antigen complexes on dendritic cells and effectively block antigen presentation to the effector T cell populations. Second, direct Treg-dendritic cell interactions through cytotoxic T lymphocyte antigen 4 (CTLA4) can downregulate accessory molecule expression (CD80/CD86) on the dendritic cells making them less effective in antigen presentation. Third, Treg cells can either kill or inhibit T cell differentiation. TGF-β produced by Treg cells will activate NOTCH and its downstream target gene, hairy and enhancer of split-1 (Hes1), which suppresses gene expression in T cells [30] . IL-10 blocks CD2, CD28, and inducible T cell costimulator (ICOS) signaling in the T cells, and suppressor of cytokine signaling 3 (SOCS3) signaling in monocytes, resulting in reduced T cell proliferation and cytokine response [31] . There is significant evidence that Treg cells are protective in mouse models of atherosclerosis; however, associations with human CVD remain unclear. e. Follicular T helper lymphocytes (Tfh cells). A new subset of CD4 + T cells has been suggested to manifest the importance of temporal and spatial regulation during T cell differentiation. Follicular helper T cells comprise a specialized subset that was reported recently to be phenotypically distinct from other T helper lymphocytes both in mice and humans and to be functionally essential to provide selection signals to germinal center B cells. These signals are required to generate long-lived antibody responses [32] [33] [34] [35] [36] . Tfh cells are generated from naive CD4 + T cells upon activation by peptide-MHC class II complexes on antigen presenting cells, resulting in upregulation of the costimulatory molecule ICOS, the coinhibitory molecule programmed cell death protein 1 (PD-1), the signature transcriptional factor B cell lymphoma 6 protein Bcl-6, and the chemokine receptor CXCR5. This is believed to take place in the first 2-3 days of exposure to the antigen. By day 4, dynamic changes in the form of lymphocyte migration are suggested to occur within the secondary lymphoid tissue to enhance the chance of encounter between these activated CD4 + T cells and rare antigen-experienced B cells [37] . Although the evidence for lymphocyte migration is still controversial, cognate interaction with B cells is thought to play a role in sustaining Tfh cells phenotypes, and it is the homing of Tfh cells in germinal centers that distinguishes them from other differentiated T helper cells. As the principal T helper cell in germinal centers that is associated with the promotion of humoral immunity and B cell responses, Tfh cells should gain future prominence in atherosclerosis research, as the roles of B cells and humoral immunity in this disease become better understood [38] .
T Helper Cell Plasticity
One problem with determining specific subsets involved with disease processes is that while there is crossregulation among the subpopulations, there is also plasticity among the populations [39] . It is now clear that most T cell populations are highly malleable and capable of converting to different phenotypes (Fig. 1) . For example, culturing of FoxP3 + Treg cells with IL-6 downregulates FoxP3 expression and abrogates suppressive activity while increasing expression of IL-17, indicating conversion of Treg cells to classical Th17 cells [40] . There is also excellent evidence for conversion between Th17 and Th1 cells both in vitro and in vivo. Transfer of Th17 cells from IL-17 reporter mice (which clearly identify the cells as IL-17 producing) shows that these cells will secrete substantial amounts of INF-γ in immunodeficient recipient animals [41] . Additionally, cells can be found coexpressing IFN-γ and IL-17, suggesting an intermediate phenotype [20, 41] . Plasticity in cytokine expression also correlates with the expression of signature transcription factors. Thus, Th2 cells have been induced to make IFN-γ and such cells express both GATA3 and T-bet [42] . However, while expression of hybrid phenotypes are possible, expression may not be equal and one phenotype may still dominate in the hybrid cell type. The plasticity of the T helper cells may also depend upon epigenetic alterations mediated by histone methylation [43] .
Role of CD4 + T Helper Cells in Atherosclerosis
Evidence from both humans and mouse models implicates Th1 immunity in atherosclerosis. oxLDL is one of the leading antigens implicated in atherosclerosis, and T cells have been isolated from human plaques which are reactive to this antigen and have a Th1 phenotype [14] . There is also a bias toward Th1 cytokines (IFN-γ, IL-12, IL-15, and IL-18) in human plaques as well as a paucity of Th2 cytokines [8, 14, 44] . Our laboratory recently identified cross-sectional associations of Th1 cells with subclinical atherosclerosis in 917 participants of the Multi-Ethnic Study of Atherosclerosis (MESA) [45] . In this study, Th1 cells were associated with two different measures of subclinical atherosclerosis, the common carotid artery intimal media thickness (IMT), and coronary artery calcification (CAC), independent of known CVD risk factors [45] . Another recent prospective study by Engelbertsen et al. failed to identify associations of Th1 cells with IMT or incident CVD; however, this study utilized cells stored at −140°C for several years, which may not have been representative of the original cell population [46] .
The evidence from animal models is even more convincing. Transgenic mice deficient in the Th1 transcription factor T-bet [47] , signature cytokine IFN-γ [48] , or the Th1-polarizing factor IL-12 [49] or IL-18 [50] developed significantly less atherosclerosis than animals having competent Th1 responses. Exogenous administration of IL-6 [51] , IL-12 [52] , IL-18 [53] , or IFN-γ [54] exacerbates atherosclerosis in mice. In particular, IFN-γ has been implicated as proatherogenic through multiple mechanisms including activation of macrophages, endothelial, and smooth muscle cells, inhibition of cholesterol efflux, and weakening of the fibrous cap [55] .
The role of Th2 cells in atherosclerosis is less certain. Th2 cells can inhibit Th1 development [56] and suppress proinflammatory cytokine release [57] , and have been suggested to be anti-atherogenic in murine atherosclerosis, as evidenced by the finding that STAT6−/− mice, which lack Th2 cells, developed increased atherosclerosis compared to wild-type animals [12] . Th2 cells, however, are proinflammatory in conditions such as asthma [58] and have also been reported in some experimental models as proatherogenic [49, 59] . In contrast to IFN-γ, the Th2 signature cytokine IL-4 has more controversial effects on atherogenesis. In one study, no effect on the lesion size was observed with IL-4 deficiency or by exogenous administration of IL-4 [60] , while another study showed a significant reduction in lesion size in IL-4-deficient mice [49] . In this regard, sitespecific roles of IL-4 have been proposed as one possible explanation for these discrepancies [49, 59] . Recent results from a prospective population-based epidemiology study with 15 years of follow-up reported that high numbers of circulating Th2 cells at the baseline were independently associated with decreased IMT [46] . High numbers of Th2 cells were also independently associated with a reduced risk of acute myocardial infarction in women in this same study [46] . Similarly, Th2 cells were negatively associated with common carotid IMT in the MESA [45] . These results from population-based studies are consistent with an antiatherogenic role of Th2 cells.
While Th1 cells predominate among the T cell populations in both human and mouse atherosclerotic plaque infiltrating T cells, Th17 cells are present in both species, and various lines of evidence provide support for a pathologic role for this subpopulation [61] . Evidence in humans is more circumstantial and depends predominantly on the demonstration that levels of IL-17A or Th17 cells are increased in CVD patients compared to controls [62] . However, plasma levels of IL-17A also showed no correlations to carotid artery IMT in a separate study [63] . In the mouse where genetic manipulations are possible, there is more direct and concrete evidence for a part for Th17 in atherogenesis. The use of IL-17a−/− or IL-17 receptor a−/− (IL-17ra−/−) bone marrow chimeras, or blocking of IL-17A, significantly reduced the aortic lesion size by approximately 50 % in most, but not all, studies [63] [64] [65] [66] [67] [68] [69] , with other reports indicating an IL-17-dependent reduction in lesion development and vascular inflammation [70] . The reduced lesion size in the former studies correlated with decreased numbers of macrophage in the plaque and reduced expression of adhesion molecules, suggesting that monocyte recruitment is inhibited when Th17 cells are blocked. IL-6 and granulocyte colonystimulating factor (G-CSF) levels were decreased which could also contribute to protection. Further investigations are required to determine the role of Th17 cells in atherosclerosis in humans.
There is significant evidence that Treg cells are protective in atherosclerosis in mouse models [71] . Evidence in human CVD, however, remains circumstantial and minimal. A recent study reported that patients with vulnerable coronary plaques have lower circulating levels of Treg cells and IL-10 compared with stable controls [72] . Another study found that low circulating levels of Treg cells at the baseline (identified as CD4 + FoxP3 + ) were associated with an increased risk for the development of myocardial infarction [73] . In contrast, no differences in Treg cell levels (identified as CD4 +
CD25
high CD127 low ) were observed in a subgroup of coronary artery disease patients with rapid versus slow common carotid artery IMT progression over 6 years of followup [74] . The Treg cell levels were also found to be similar in chronic stable angina patients compared to controls in a study by this same group [74] . Experiments in mice demonstrated that Treg numbers were reduced and the functional properties were suppressed in atherosclerotic animals [75] . The adoptive transfer of Treg cells or induction of tolerance reduced atherogenesis through either IL-10 or TGF-β [75] [76] [77] . Furthermore, studies have shown that statins significantly increase Treg cell numbers, TGF-β, and IL-10 in atheromas in mice [78] , which may partially explain the atheroprotective effects of these drugs. Finally, as indicated above, IL-2 is essential for the maintenance and survival of the Treg cells. Studies have been performed using fusion IL-2 protein in mouse models which preferentially localized to the atheroma, and this approach resulted in enhanced Treg cell localization to the plaque and was associated with reduced macrophage localization and an overall reduction in plaque size [79] . In humans, elevated levels of soluble IL-2 receptor (sIL-2r) were associated with progression of CAC [80] , and sIL-2r and IL-2 have been proposed as atherosclerosis risk markers [80] [81] [82] . Collectively, the animal model data implicate a protective role of Treg cells in atherosclerosis; whether these cells play a similar role in atherosclerosis in humans, and which specific Treg subsets, needs to be clarified.
Genetic Predisposition to Th1/Th2 Bias
Early in the study of T helper cell differentiation, it became clear that certain inbred mouse strains have an inherent bias towards either a Th1 or Th2 cell phenotype. This was first apparent with Leishmania major infections where pathogen control is highly dependent upon Th1 cells and IFN-γ activation of macrophage. C57Bl/6 mice naturally give a strong Th1 cytokine response and are inherently resistant to Leishmania. In contrast, BALB/c mice give a natural Th2 cytokine response and are inherently susceptible to infection [83] . This Th1/Th2 bias is also seen between C57Bl/6 and BALB/c mice fed with high-fat diets, with C57Bl/6 mice showing a predominant Th1 phenotype and BALB/c mice showing a predominant Th2 phenotype based on IFN-γ or IL-4 expression by CD4 + cells in the peripheral blood and spleen [12] .
Consistent with the reported roles of Th1 and Th2 cells in atherosclerosis described above, C57Bl/6 mice developed significantly larger atherosclerotic lesions at the aortic root, while BALB/c mice had few or no lesions despite equivalent hypercholesterolemia in both mouse strains [12] . The protection in the BALB/c mice was clearly the result of a Th2 cell bias as BALB/c STAT6−/− mice, which could not develop Th2 cells due to the absence of this crucial transcription factor, generated excellent Th1 cell responses and atherosclerosis when placed on a high-fat diet [12] .
These data suggest that with a diverse set of antigens, both infectious and non-infectious, there is a genetic predisposition that can modulate a developing adaptive immune response toward a particular T helper phenotype and that this predisposition may confer an enhanced susceptibility towards different Th-biased diseases. Congenic mapping has determined the genetic trait loci on mouse chromosomes 5, 11, 12, 14, 15, 16, 17, 18 , and 19 which impact Th2 bias, but the specific underlying determinants defined by the genetic loci are not known in most instances [84] [85] [86] [87] . On chromosome 16, Dicer 1.2, also known as Mina, acts as an IL-4 repressor. Mina is a member of the Jumonji (JmjC) protein family and inversely correlates to Th2 bias in inbred mouse strains [88] .
Genetic variations in other transcription factors, cytokines or cytokine receptors involved in T helper cell differentiation pathways could equally impact genetic bias in individuals resulting in a sustained predilection toward a specific adaptive immune response. For example, single nucleotide polymorphism (SNP) analysis of polymorphisms in T-bet (TBX21) and STAT4, which are transcription factors involved in Th1 responses, showed specific genotypes associated with increased risk for systemic sclerosis, and with other genotypes associated with elevated Th2 cytokine levels [89] . Emerging evidence has also identified important consequences of epigenetic histone modification on the regulation of chromatin states at loci of genes for Th-differentiating transcription factors and signature Th cytokines [43, 90] . These data suggest that changes in epigenetic profiles, as well as polymorphisms or altered regulation of genes involved in epigenetic regulation [91] , may influence inherent Th bias. On an individual basis, the predisposition towards a particular Th bias could have a major impact on health outcomes as individuals with a predilection toward Th1 bias might be more susceptible to Th1-dependent diseases including atherosclerosis, rheumatoid arthritis, type 1 diabetes, or multiple sclerosis, whereas individuals with a predilection toward a Th2 bias would likely be more susceptible to Th2-dependent diseases such as asthma or systemic lupus erythematosus (SLE).
Stable Th1/Th2 Phenotypes in Healthy Human Volunteers
If inbred mouse strains have an inherent Th1/Th2 bias which is genetically determined and which can have a major impact in susceptibility or resistance to various diseases, the question arises whether humans also show natural genetic variation in T helper cell bias in the absence of known disease. It is well known that patients with specific diseases such as asthma, SLE, or multiple sclerosis have an increase in Th2 or Th1 cells relative to controls without these inflammatory/autoimmune diseases [89, 92, 93] , but as these individuals have established pathologic conditions, it is not clear whether the T helper cell imbalance occurred first or is a later consequence of the disease process.
To evaluate whether humans have inherent stable Th1/Th2 biases, our laboratory performed a prospective study on 30 apparently healthy Caucasian individuals (14 men and 16 women) ranging from 17 to 53 years (average 38±10 years). Peripheral blood mononuclear cells (PBMC) were obtained multiple times over an 18-month period (average = 6 blood collections per individual in 28 individuals). T helper indices were measured by activating PBMCs in vitro with phorbol myristate acetate (PMA), ionomycin, and brefeldin A, which is a standard method for activating T cells for determining intracellular cytokine expression [94] . The activated cells were stained with antibodies to CD4, IFN-γ, and IL ) and to calculate %Th1/%Th2 ratios. Detailed materials and methods are available in the online resource. The T helper indices of the study population are shown in Table 1 .
As shown in Fig. 2a, b , we found that Th1 and Th2 cell phenotypes were generally stable over time; the calculated coefficients of variation (CVs) are shown in Table 2 . We observed analytical variability comparable with wellestablished biomarkers, such as cholesterol and C-reactive protein, routinely used in clinical and cardiovascular epidemiological research [95] . Less stability was observed with the Th2 phenotype, likely due to the analytical challenges associated with the much smaller number of circulating Th2 cells (mean (SD)=0.70 % (0.33 %)). The %Th1/%Th2 ratio was also generally consistent over time (Fig. 2c) .
Evaluation of signature Th1 and Th2 cytokines from the supernatants of stimulated PBMCs, shown in Fig. 3a , b, demonstrated that %Th1 cells were correlated with secreted IFN-γ (r=0.61, P=0.0006), while %Th2 cells were correlated with secreted IL-4 (r=0.41, P=0.04) (Fig. 3c, d ). The natural logarithm (ln)-transformed %Th1/%Th2 ratio was correlated with IFN-γ (r=0.60, P=0.0008), but not IL-4 (r=−0.20, P=0.34). Each data point represents a single measurement in apparently healthy individuals collected over a period of 18 months. Data in this figure originally appeared in [114] T helper cells are critical regulators of immunoglobulin production including control of immunoglobulin isotype switching [96] . We measured the immunoglobulin subclass molecules, IgE, IgG 1 , IgG 2 , IgG 3 , and IgG 4 , and examined their associations with the T helper indices; the individual data are presented in Fig. 4a -e. As shown in Table 3, %Th1 cells were negatively correlated with IgG 2 and lnIgG 4 and showed a positive, but not statistically significant, correlation with IgG 1 and IgG 3 . Despite moderate correlation coefficients (r=0.32 and 0.31), the lack of statistical significance with IgG 1 and IgG 3 likely reflected the small sample size of our study population. The %Th2 cell phenotype was positively correlated with lnIgE, while the ln%Th1/%Th2 ratio was negatively correlated with lnIgE (Table 3) . Associations with Th2 measures were likely biased towards the null due to the increased variability in the measurements of a much smaller population of circulating cells. These results were generally consistent with the data from other lines of research [97] [98] [99] [100] and suggest the value of studying these associations in larger cohorts of healthy participants.
Collectively, these data demonstrated that individuals display inherent T helper phenotypes that are consistent over time, which distinguishes one person from another, in the absence of inflammatory/autoimmune diseases. These data suggest that Th bias may precede clinical disease and potentially increase risk of pathological conditions such as CVD. [114] inherent Th1 or Th2 polarization may be switched in response to diet, stress, or other factors [104, 105] . As such, if we are to assume an individual born with a protective Th phenotype and assume a change in their immune status to an injurious subtype due to lifestyle choices and environmental exposures, this leads to general unanswered questions: (a) If the damaging lifestyle exposure were removed, would an individual with a genetic predisposition towards a protective phenotype return to that phenotype faster and be at a lower disease risk compared to someone with a genetic predisposition toward a injurious phenotype? (b) Under conditions of damaging lifestyle exposures, do individuals with genetic predisposition to protective immunity ever convert to a strong proatherosclerotic immune phenotype compared to someone with a genetic predisposition towards that pro-inflammatory phenotype (e.g., Th1 and Th17)? The studies in the literature suggest that plasticity exists, but our understanding of the extent to which this plasticity influences Th polarization, and disease status, remains unknown. Given the potential important consequences of inherent Th bias on health outcomes, the need remains to understand the genetic, molecular, and environmental determinants of Th polarization. Despite substantial efforts in identifying loci in mouse models, the specific underlying genetic determinants of Th bias remain largely unknown. Cellular phenotyping, genetic association studies, and serological analysis in large population-based epidemiology settings are the logical next steps in a system-based biological approach to understanding these determinants and their relationships with disease states. The measurements of biomarkers in population-based studies have previously yielded critical new insights regarding key mechanisms related to the pathophysiology of chronic inflammatory diseases and should continue to be developed in order to allow opportunities for pathway-based analyses, expression patterning, and dynamic inquisition of cells ex vivo through standardized challenges.
At present, little information concerning adaptive immune responses, T helper polarization, and T helper plasticity is available from healthy, free-living, population-based studies. Continued improvements in biomarkers and risk factors, along with newer genomic and proteomic approaches, will require an evolution from molecular to cellular epidemiology and will allow new important insight into Th biasing and plasticity and the progression of inflammatory disease states, such as atherosclerosis. While the clinical significance and predictive value of inherent T helper bias remain to be examined, the current clinical data indicate the importance of prospective epidemiological studies aimed at determining the role of T helper subpopulations and adaptive immune responses in atherosclerosis.
Evidence from animal models suggests the importance of research into strategies to modify T helper cell biasing as a way to reduce atherosclerotic burden. Data from inbred mouse models delineating a genetic Th1 bias in C57Bl/6 mice which promotes atherosclerotic burden, and also confers a natural resistance to L. major infection [83] , suggest immunization strategies that preferentially prime or inhibit specific Th subsets could redirect the subsequent immune response and inhibit the progression of inflammatory diseases such as atherosclerosis.
Of considerable therapeutic interest are the anti-atherogenic, immunomodulatory properties of statins [106] , the cholesterol lowering 3-hydroxy-3-methylglutaryl coenzyme A (HMGCoA) reductase inhibitors. Statins inhibit T cell activation by decreasing IFN-γ-dependent MHC class II protein expression through mechanisms that involve isoprenoid intermediates [106, 107] . Statin treatment has been demonstrated to reduce atherosclerosis and autoimmune disease in mouse models by promoting Th2 bias and lowering Th1/Th2 ratios [108] [109] [110] . Similarly, human clinical studies have reported modulation of Th1/Th2 ratios in CVD, including unstable angina and MI [110] [111] [112] , and in patients with chronic heart failure [113] . Collectively, these data suggest that some of the beneficial effects of statins may be conferred through the modulation of the Th1/Th2 balance, which would further indicate the importance of Th bias in atherosclerosis and CVD. Other medical interventions, e.g., weight loss and gastric banding, have also been reported to modulate Th1/Th2 ratios and attenuate inflammation [105] .
Importantly, the success of weight loss and other therapeutic interventions may depend upon the plasticity of Th polarization. While global genetic knockout of specific T helper activation pathways have proven successful in reducing atherosclerosis in mouse models, it will be important to continue to refine and develop strategies that selectively modulate appropriate and specific Th subsets in a manner that reduces risk of disease, without compromising their beneficial normal physiological host responses.
